Modal dispersion compensation is demonstrated by using electrical adaptive equalization for a multimode fiber (MMF) transmission with multipath interference resulting from mode conversion caused by axial deviations in the transmission line. We reveal that we can realize a 20 km 50 lm-core GI-MMF transmission even if mode conversions are intentionally introduced by two 5 lm axial deviations in the transmission line.
Introduction
The explosive growth in Internet traffic is generating a demand for greater capacity. To realize a much higher transmission capacity, we need to avoid the nonlinear effects that occur in optical fiber and the optical fiber fuse phenomenon [1] . Enlarging the effective area (A eff ) of optical fibers is a practical way of reducing nonlinearity and increasing the fiber fuse threshold power. Optical fibers with W-shaped and trench refractive index profiles have already been proposed as a way of achieving a larger A eff [2] [3] [4] . In addition, it has been reported that photonic crystal fiber (PCF) can realize an A eff of 220 lm 2 with both single-mode operation and a low bending loss at 1460-1625 nm [5] . However, enlarging the A eff makes it difficult to maintain the single-mode operation of the fiber at the signal wavelength. With multi-mode operation, modal dispersion causes serious signal degradation as a result of inter-symbol interference (ISI). If we can compensate for such signal degradation by modal dispersion, we can realize a much larger A eff and expect to achieve a much higher transmission capacity. For example, if we assume a three-mode PCF described in [6] , we can realize about two times larger A eff of the single mode PCF described in [5] . In order to compare transmission performances of two different fibers, we can use Figure of Merits (FOM) which is a function of the effect of both nonlinearity and loss of the transmission fibers:
FOM ½dB ¼ 10log 10 A eff1 A eff2
À ða 1 À a 2 Þ ð 1Þ
where A eff1 , A eff2 and a 1 , a 2 are the A eff and the transmission loss of the two different fibers, respectively [7] . If we can realize the threemode fiber with same loss of the single-mode PCF, FOM is about 3 dB compared with the single-mode PCF. We can expect to increase the transmission capacity by 3 dB if we assume that FOM improvement directly reflect the capacity increase. Two main approaches have been proposed for avoiding the signal degradation caused by modal dispersion. One is a centerlaunching technique where a signal light is launched into the center of the core of a multi-mode fiber (MMF) to prevent the occurrence of the higher-order mode (HOM) [8] [9] [10] [11] [12] . The other approach is a mode filtering method that removes the HOM in the receiver by using a mode filter [13, 14] . However, for example, axial deviations in the transmission MMF, as shown Fig. 1 , lead to multipath interference (MPI), which is caused by repeated mode conversion between the fundamental mode (FM) and HOM [15] . First, the HOM is excited at the axial deviation. Then, a mode delay occurs between the FM and the HOM during MMF transmission. Finally, the HOM couples with the FM at an axial deviation, and this signal degradation cannot be removed with an optical method.
Digital signal processing (DSP) with an electric adaptive equalizer has been proposed to compensate for signal degradation resulting from MPI induced modal dispersion [16, 17] . However, signal recovery with the direct detection method is less accurate because it does not use phase information, and the maximum subcarrier frequency is limited to the electrical bandwidth in a subcarrier multiplexing (SCM) system. As a result, it is difficult to achieve a larger capacity and a longer transmission distance.
We investigated modal dispersion compensation by using a digital coherent receiver with an adaptive equalizer for MMF to realize a larger capacity transmission over a longer distance. In our previous work [18] , we demonstrated that 10 Gbit/s BPSK data can be transmitted over 10 km of graded-index MMF (GI-MMF) with MPI caused by mode conversion to investigate the signal recovery under the worst conditions where exist a number of modes and mode conversion for multi-mode operation in the MMF transmission.
In this paper, we furnish further details of our modal dispersion compensation technique by using a digital coherent receiver with an adaptive equalizer. We also experimentally investigate the quality of the transmitted signal compensation in a severe situation where mode conversion is caused by axial deviations in the transmission line. We show that we can realize a 20 km 50 lm- 
Modal dispersion compensation with adaptive equalizer
A communication channel model with an adaptive equalizer is shown in Fig. 2 . An adaptive equalizer consists of an adaptive filter and an adaptive algorithm that controls the filter. First, the transmitted signal x(n) passes through a transmission line, and becomes a received signal y(n) distorted by ISI. Then, the received signal is compared with an already-known training sequence d(n) and passed through the adaptive filter in the training mode as shown in Fig. 2 . An adaptive algorithm minimizes the error signal e(n) to optimize the adaptive filter coefficients w(n). The error signal is given as eðnÞ ¼ dðnÞ À xrðnÞ ð 2Þ
where xr(n) is the output symbol from the adaptive filter as shown in the following equation:
xrðnÞ ¼ yðnÞ Ã wðnÞ ð 3Þ
The adaptation of the equalizer is driven by the error signal. The received signal y(n) passes through the optimized adaptive filter w(n), and is output as a recovered signal xr(n).
Once the equalizer has converged it may move into a decision directed mode [19] . The decision-directed mode that updates the adaptive equalizer coefficients is effective in tracking slow variations in the channel response. Then, e(n) in the decision-directed mode is given as eðnÞ ¼ xr d ðnÞ À xrðnÞ ð 4Þ
where xr d (n) is the decided symbol from xr(n). We adopted a decision feedback equalizer (DFE) as an adaptive equalizer as shown schematically in Fig. 3 . In channels with severe ISI, a DFE can adequately compensate for the ISI [19] . The DFE includes a feedforward (FF) filter, a decision unit, and a feedback (FB) filter. The filters are built up with multi-taps. Each tap consists of a delay unit, a multiply unit, and an adder unit. A signal that passes the FF filter x bd (n) is inputted into the decision unit. The decided signal x ad (n) is coupled into an FB filter. For example, with a BPSK signal, the decision unit output is 1 or À1 depending on the input signal. The restored signal is obtained as the sum of the output from the FB and FF filters as shown in the following equation:
where N tapff and N tapfb are the number of FF and FB filter taps, respectively. Because the DFE uses the restored signal after the decision, the restoration accuracy can be high for a signal with a large ISI. The adaptive algorithm controls the tap coefficients of the FF and FB filters. We use a recursive least squares (RLS) algorithm as the adaptive algorithm [20, 21] . The tap coefficient w(n) is optimized so that the error signal e(n) takes its minimum value.
Modal dispersion compensation experimental setup
Fig . 4 shows the experimental setup we used for MPI compensation. In an MMF transmission, to consider signal recovery under the worst conditions where all the excited HOMs are changed into the FM, we emulated MPI by using the configuration shown in Fig. 4 .
First, we intentionally excited HOMs by using a mode excitation unit (MEU) to degrade the signal with modal dispersion. The signal light emitted from the end of a single-mode fiber (SMF) passed through two optical lenses, and the light was coupled into a GI-MMF based on ITU-T G.651. The numerical aperture (NA) was 0.2. The focal length and NA of the lens on the SMF side were 18.4 mm and 0.15, respectively. The focal length and NA of the lens on the GI-MMF side were 11.0 mm and 0.25, respectively. In the MEU, almost the entire end facet of the SMF was mapped to the GI-MMF core. We placed the cleaved ends of the two optical fibers in fine adjustment stages and adjusted each stage so that the received optical power achieved the maximum value. This method efficiently excites many HOMs. Then, there was a mode delay between the FM and HOMs during the MMF transmission, and we emulated MPI by using a mode convergence unit (MCU), whose configuration was the inverse of that of the MEU. This unit converges the HOMs into the FM. Information regarding the amplitude and phase of the HOMs is preserved in the SMF. As a result, this MPI cannot be removed with an optical device.
The transmitter and digital coherent receiver consist of conventional single-mode devices. The CW light emitted from an external cavity laser operating at 1550 nm was coupled into a BPSK modulator, and a 10 Gbit/s BPSK signal was generated. The signal sequence consisted of 500,000 symbols, which were taken from a 2 19 À 1 PRBS. Before coupling the signal into a 50 lm-core GI-MMF, we purposely excited HOMs by using an MEU. We launched the signals at a power level of À7.0 dBm.
After the transmission, the signal was coupled into an MCU. We preserved the information by using this unit. By adopting the MEU
x ad (n-1) x ad (n-3) x ad (n-N tapfb )
x bd (n) x ad (n) and MCU, we deliberately degrade the signal with MPI to demonstrate the effect of signal recovery with the digital coherent receiver. The received signal was combined with the CW light from a local oscillator in a 90-degree optical hybrid. The 90-degree optical hybrid contained a polarization beam splitter, and we utilized only one of the two orthogonal polarizations. We adjusted the polarization controllers at the transmitter and the receiver so that the optical power at the output of the 90-degree optical hybrid reached its maximum value. The in-phase and quadrature parts were fed to a balanced photo-detector and digitized using a real time oscilloscope. The oscilloscope has a bandwidth of 16 GHz and a sampling rate of 40 GS/s. During digital signal processing, the collected data were processed offline. We carried out the frequency offset compensation of the received signals by using the method described in [22] prior to the adaptive equalization. We determined the tap coefficient of the adaptive equalization with DFE by using the RLS algorithm and training sequences and we switched to the decision-directed mode to compensate for the carrier phase noise. We used a digital filter with the taps of the symbol space to reduce the tap number. Thus, we used digital signal processing to recover a signal distorted by MPI in an MMF transmission.
Modal dispersion compensation with adaptive equalizer

Results for 3 km GI-MMF
Fig . 5 shows the impulse response observed for a 3 km GI-MMF as a transmission fiber by using a real time oscilloscope. There are four HOMs and the differential mode delay (DMD) between the FM and the 1st, 2nd, and 3rd HOMs were 0.6, 1.3, and 1.9 ns, respectively. The total loss of the 3 km GI-MMF was 1.0 dB under our mode excitation condition.
Training sequences consisting of 1000 symbols of the 500,000 total transmitted symbols were used in the adaptive equalizer. The decision directed mode of the DFE was utilized to compensate for the small time variation of the impulse response over a short time range.
First, we evaluated the use of the FF filter only. We fixed the FB filter at 0 and varied the FF filter tap number from 1 to 30. Fig. 6 shows the FF filter tap number characteristics of the Q 2 -factor. The recovery accuracy did not improve even if we increased the number of the FF filter taps to over 30.
Next, we investigated the use of the FB filter. We fixed the FF filter at 10 and varied the FB filter tap number from 0 to 30 to estimate the required equalizer length. Fig. 7 shows the FB filter tap number characteristics of the Q 2 -factor. The constellation maps of 0 tap and 30 tap are also shown in the figure. As seen in Fig. 7 , the signal is distorted after a 3 km transmission owing to the ISI caused by modal dispersion at FB filter number 0. On the other hand, at FB filter number 30, the two states are clearly separated on a complex plane. We confirmed that modal dispersion induced MPI could be compensated by adaptive equalization with the DFE.
We can also see that the recovery accuracy improved steeply after the 6th tap, which corresponds to a mode delay of 0.6 ns in the first HOM. And the recovery accuracy improved after the 13th and 19th FF filter tap number FB filter tap number taps which correspond to the mode delays of the second and third HOMs. The recovery accuracy did not improve even if we increased the number of the FF filter taps to over 10. The FF filter tap did not contribute to signal recovery. The recovery accuracy varied greatly depending on the FB filter tap number. Fig. 8 shows the tap coefficient characteristics of the adaptive equalizer. We set the tap numbers of the FF and FB filters in the DFE at 10 and 30, respectively. Tap numbers 1 to 10 and 11 to 40 are FF and FB filter coefficients, respectively. The difference between the tap numbers of the first and second peaks of the tap coefficient is 6. The differences between the first and third peaks and between the first and fourth peaks are 13, and 19, respectively. We can see that the tap coefficient characteristic of the DFE reflects the impulse response of the MMF shown in Fig. 5 . The differential tap numbers and the tap coefficients corresponded to the DMD and the power of HOMs, respectively.
Transmission distance dependence
Next, we changed the length of the transmission fiber and investigated the transmission length dependence of the modal dispersion compensation by using an adaptive equalizer. We excited HOMs by using an MEU and converged from the HOMs to the FM with an MCU after a GI-MMF transmission.
We investigated three configurations as shown in Fig. 9 : (a) one bobbin with 3 km of GI-MMF, (b) two bobbins with 3 and 7 km of GI-MMF, and (c) three bobbins with 3, 7, and 10 km of GI-MMF. These bobbins were connected with a connector. Fig. 10a and b shows the impulse responses without and with the MEU and the MCU, respectively. We observed one pulse for the three configurations by using a center-launching technique as shown in Fig. 10a . We could prevent the occurrence of HOMs. The total losses of (a) one bobbin, (b) two bobbins and (c) three bobbins were 0.8, 2.5 and 5.9 dB, respectively, under our center-launching condition. On the other hand, Fig. 10b reveals that HOMs were excited and the maximum DMD increases as the transmission distance increases. Moreover, when we compared the one bobbin case with the two bobbin case, the latter has fewer propagation modes than the former. We can increase the power of the HOM when we adjust the MEU and the MCU, but this time we adjusted it so that the FM intensity could achieve its maximum value. The total losses of (a) one bobbin, (b) two bobbins and (c) three bobbins were 1.0, 3.3 and 7.4 dB, respectively, under our mode excitation condition. As a result, we could observe an increase of MPI caused by mode conversion in MMF transmission with MEU and MCU than without MEU and MCU. The MPI caused by mode conversion also increased as the transmission distance increase as described in [23] . The bit error rate (BER) measurement results with and without the MEU and MCU for the GI-MMF transmission are shown in Fig. 11a and b, respectively. Back-to-back is the state without the transmission fiber, and we set the number of taps of both the FF and FB filters of the DFE at 1. For the transmissions, we fixed the number of FF filter taps of the DFE at 10. We decided the number of FB filter taps taking account of the maximum DMD in each case as shown in Fig. 10 . With one, two, and three bobbins, we set the tap number at 30, 50, and 70, respectively for modal dispersion compensation. Without modal dispersion compensation, we set the tap number at 1 for the three configurations.
As shown in Fig. 11a , without MEU and MCU, we realized a BER of less than 10 À5 for the three configurations in the case of without and with modal dispersion compensation. The power penalty increased as the transmission distance increased, but the BER was less than 10 À5 for a total transmission distance of 20 km in the case of without and with modal dispersion compensation. We consider that the power penalty of without modal dispersion compensation originates in the SNR degradation caused by mode conversion and the power penalty of with modal dispersion compensation originates in the degradation of the restoration accuracy of the DFE caused by the increase in the number of inactive taps that led to an increase in transmission distance. On the other hand, with MEU and MCU (Fig. 11b) , we could not realize a BER of less than a typical 7% overhead FEC limit (BER = 3.8 Â 10
À3
) in the case of without modal dispersion compensation even if we increase the received power. With modal dispersion compensation, we realized a BER of less than 10 À5 for a total transmission distance of 20 km. We could observe a larger power penalty in MMF transmission with MEU and MCU than without MEU and MCU when we use modal dispersion compensation in the same number of taps of DFE. We assume that the main reason for the increase of the power penalty is the degradation of the restoration accuracy of the DFE by the increase of the MPI caused by mode conversions in the transmission line.
Axial deviation in transmission fiber
Furthermore, we examined a case where there were axial deviations in a transmission fiber consisting of three bobbins with a total transmission distance of 20 km. A total of two connector connections were made in the axial deviation fiber between the 3, 7, and 10 km bobbins as shown in Fig. 12 . These axial deviation fibers were fusion spliced with a 5 lm axis gap in the GI-MMF.
These fibers induced intentional mode conversion over the transmission fiber. Fig. 13 shows the impulse response without and with the axial deviation fibers over the transmission. When we use axial deviation fiber for a transmission, the mode group increases and the axial gap causes more mode conversion than when there is no axial gap. In addition, this figure is an example and the impulse response was changed continuously as a result of mode conversion. The total loss with axial gaps was 7.9 dB under our mode excitation condition. Fig. 14 shows the BERs obtained for transmissions with and without axial deviation fiber. Back-to-back is the state without the transmission fiber, and we set the number of taps of both the FF and FB filters of the DFE at 1. For the transmissions, we fixed the number of FF filter taps of the DFE at 10. We decided the number of FB filter taps taking account of the maximum DMD in each case as shown in Fig. 13 . We set the tap numbers without and with axial deviation at 70 in both cases for modal dispersion compensation. Without modal dispersion compensation, we set the tap number at 1 in both cases. When we did not use modal dispersion compensation, we could not realize a BER of less than a typical 7% overhead FEC limit in the case of without and with axial gaps even if we increase the received power. On the other hand, with modal dispersion compensation, the power penalty when there were axial deviations was around 1.5 dB larger than without axial deviation, but the BER was less than 10
À5
. We realized signal recovery for an MMF transmission, even when there was axial deviation in the transmission fiber and mode conversion was intentionally induced.
Conclusion
We demonstrated modal dispersion compensation by using a digital coherent receiver with DFE for a multi-mode fiber transmission with multipath interference resulting from mode conversion caused by axial deviations in a transmission line. We showed that we can achieve a 20 km 50 lm-core GI-MMF transmission even if mode conversions are intentionally introduced in the transmission line by two axial deviations of 5 lm. 
